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 Polyploidy, or whole-genome duplication (WGD), is an im-
portant mechanism of speciation in plants ( Levin, 2002 ;  Soltis 
et al., 2004 ;  Wood et al., 2009 ;  Jiao et al., 2011 ). It arises 
through either genome doubling within a single species (auto-
polyploidy) or hybridization of two different species in which 
the resulting daughter species possesses a full set of chromo-
somes from each parent (allopolyploidy) ( Stebbins, 1947 ; 
 Grant, 1975 ;  Lewis, 1980 ). Polyploidy is hypothesized to have 
both immediate and long-term consequences on plant genetics, 
transcriptomics, genomics, and epigenetics ( Stebbins, 1950 ; 
 Lynch and Force, 2000 ;  Soltis and Soltis, 2000 ;  Lind-Halldén 
et al., 2002 ;  Osborn et al., 2003 ;  Liu and Adams, 2007 ;  Jackson 
and Chen, 2010 ;  Madlung, 2013 ;  Madlung and Wendel, 2013 ). 
Hypothetically, to be successful, polyploids must occupy dis-
tinct niches from their diploid progenitors ( Levin, 1975 ). The 
idea here is that a polyploid species must differentiate from the 
parental progenitors or will likely be outcompeted by the paren-
tal lines ( Levin, 1975 ). Moreover, a newly formed tetraploid 
species may face extinction by mating with its parental diploid 
and creating triploid individuals that are not viable or less fertile 
(known as the minority cytotype disadvantage); occupying dif-
ferent habitats will minimize the likelihood of producing triploid 
offspring ( Levin, 1975 ;  Fowler and Levin, 1984 ;  Theodoridis 
et al., 2013 ). Overall, polyploids have been hypothesized to (1) 
occupy more extreme environments ( Hagerup, 1932 ;  Grant, 
1981 ) and/or (2) have overall broader niches ( Stebbins, 1950 ; 
 Levin, 2000 ;  te Beest et al., 2012 ), and/or (3) have a clear niche 
shift from their diploid progenitors ( Levin, 1975 ). 
 Previous ecological studies have primarily tested the hypoth-
esis that polyploids occupy distinct niches from their diploid 
progenitors (e.g.,  Mand ákov á and Münzbergov á, 2006 ;  Sampoux 
and Huyghe, 2009 ;  Glennon et al., 2012 ;  Laport et al., 2012 ; 
 Manzaneda et al., 2012 ;  Godsoe et al., 2013 ), although some 
have investigated the hypothesis that polyploids occupy harsher 
environments and/or have broader niches than their diploid pro-
genitors (e.g.,  Martin and Husband, 2009 ;  McIntyre, 2012 ; 
 Theodoridis et al., 2013 ). To date, only one study has investi-
gated all three hypotheses simultaneously ( Martin and Husband, 
2009 ). Most studies have focused on a single species with dif-
ferent cytoptypes (but see  Martin and Husband, 2009 ;  Glennon 
et al., 2014 for exceptions). The few studies that have investi-
gated multiple species have only examined a few environmen-
tal variables. 
 In this study, we used a cytobiogeographical approach to 
investigate the three main hypotheses about polyploidization 
and ecological niches using the canary grasses ( Phalaris L.; 
Poaceae). This genus includes 19 species in four different lin-
eages, three of which contain polyploid species ( Fig. 1A ; Ap-
pendix S1, see Supplemental Data with online version of this 
article), and whose distributions have been studied ( Voshell et al., 
2011 ;  Voshell and Hilu, 2014 ), making them an ideal group to 
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 •  Premise of the study: Polyploidization frequently results in the creation of new plant species, the establishment of which is 
thought to often be facilitated by ecological niche differentiation from the diploid species. We tested this hypothesis using the 
cosmopolitan grass genus  Phalaris (Poaceae), consisting of 19 species that range from diploid to tetraploid to hexaploid. Spe-
cifi cally, we tested whether (1) polyploids occupy more extreme environments and/or (2) have broader niche breadths and/or 
(3) whether the polyploid species’ distributions indicate a niche shift from diploid species. 
 •  Methods: We employed a bootstrapping approach using distribution data for each species and eight environmental variables to 
investigate differences between species in the means, extremes, and breadths of each environmental variable. We used a kernel 
smoothing technique to quantify niche overlap between species. 
 •  Key results: Although we found some support for the three hypotheses for a few diploid–polyploid pairs and for specifi c envi-
ronmental variables, none of these hypotheses were generally supported. 
 •  Conclusions: Our results suggest that these commonly held hypotheses about the effects of polyploidization on ecological 
distributions are not universally applicable. Correlative biogeographic studies like ours provide a necessary fi rst step for sug-
gesting specifi c hypotheses that require experimental verifi cation. A combination of genetic, physiological, and ecological 
studies will be required to achieve a better understanding of the role of polyploidization in niche evolution. 
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signifi cantly less niche overlap with their diploid congenors 
than their diploid congenors have with one another. We se-
lected environmental variables that are known to be important 
correlates of plant species distributions at a global scale and 
are changing due to anthropogenic activities ( Franklin, 2009 ; 
 Visser et al., 2014 ) and used these to determine differences in 
niche dimensions (means, extremes, breadth and overlap) be-
tween diploid and polyploid  Phalaris species. 
 The notion that polyploids may be more tolerant of stressful 
conditions (including drought, cold, heat, and low-nutrient con-
ditions) than their parent species may be a consequence of the 
genomic changes after polyploidization ( Hagerup, 1932 ;  Grant, 
1981 ;  te Beest et al., 2012 ). Drought tolerance, specifi cally, 
may arise from the immediate increase in cell size that accom-
panies WGD ( Stebbins, 1971 ;  Kondorosi et al., 2000 ), and the 
concomitant reduction in transpiration rates as a result of there 
being a lower density of guard cells (which however are larger; 
( Li et al., 1996 ;  Maherali et al., 2009 ;  Van Laere et al., 2011 ; 
 te Beest et al., 2012 ). Polyploids have been found to be more 
tolerant of water stress ( Li et al., 2009 ;  Liu et al., 2011 ;  Van 
Laere et al., 2011 ;  Manzaneda et al., 2012 ) and have greater 
fi tness in drier environments ( Ramsey, 2011 ). Although poly-
ploids have been shown to occur in drier environments ( Levin, 
2002 ;  Martin and Husband, 2009 ;  Treier et al., 2009 ;  Ramsey, 
2011 ;  Manzaneda et al., 2012 ), there is also counter-evidence 
( Martin and Husband, 2009 ;  Laport et al., 2012 ). In contrast to 
drought tolerance, tolerance of extremely high temperatures has 
been relatively little investigated from a biogeographical perspec-
tive ( Martin and Husband, 2009 ), but there is some experimental 
evidence suggesting that polyploids have higher tolerance to ex-
tremely high temperatures ( Waines, 1994 ;  Soliman et al., 2012 ). 
At the other extreme, a greater tolerance to extreme cold has been 
suggested ( Hagerup, 1932 ;  te Beest et al., 2012 ), but with equivo-
cal support for this hypothesis ( Wit, 1958 ;  Tyler et al., 1978 ; 
 Lachmuth et al., 2010 ;  Liu et al., 2011 ). Finally, polyploids might 
tolerate low nutrient soils better than diploids ( Rohweder, 1937 ; 
 Noguti et al., 1940 ;  Schlaepfer et al., 2010 ;  te Beest et al., 2012 ). 
However, this argument does not hold for P-poor soils because 
polyploids have a greater requirement for this element for nucleic 
material ( Lewis, 1985 ,  Šmarda et al., 2013 ). 
 Greater tolerance to extreme environmental conditions may 
also permit polyploids to occupy a wider range of environmen-
tal conditions than their parent species because greater toler-
ance allows a species to expand into these previously unoccupied 
environments ( Stebbins, 1950 ;  Soltis et al., 2010 ;  te Beest et al., 
2012 ). A wider niche breadth may also arise from the greater 
genetic diversity that polyploids may have as a result of hybrid-
ization and/or multiple origins of polyploidy, which may allow 
for greater phenotypic diversity within and between popula-
tions of polyploid species ( Stebbins, 1950 ;  Levin, 2002 ;  Hahn 
et al., 2012 ;  te Beest et al., 2012 ;  Madlung, 2013 ). Genetic 
changes, gene expression changes, epigenetic silencing, sub-
functionalization, and direct cellular effects may also allow for 
a wider genic response and, ultimately, phenotypic diversity 
and plasticity in polyploids ( Stebbins, 1950 ;  Levin, 2002 ;  te Beest 
et al., 2012 ;  Madlung and Wendel, 2013 ). In addition, the 
genetic, epigenetic, and physiological changes associated with 
WGD may also have the effect of producing a polyploid species 
with a distinctly different physiological tolerance than that of 
its parent species. 
 Because polyploid species arose from diploid progenitors, 
they are closely related and may therefore exhibit phylogenetic 
niche conservatism (PNC;  Wiens et al., 2010 ). PNC has been 
investigate these hypotheses. Specifi cally, we hypothesize that 
within the genus  Phalaris (1) polyploids should inhabit more 
extreme environments than their diploid congenors; (2) poly-
ploids should have wider environmental niche breadths; (3a) 
polyploids should occupy distinct environmental niches from 
their diploid congenors, and (3b) polyploids should have 
 Fig. 1. (A) Evolutionary history of species within the genus  Phalaris , 
adapted from  Voshell and Hilu (2014) and based on their phylogeny gener-
ated using ITS sequence data. We have simplifi ed all of the terminal node 
relationships to be polytomies because of confl icting placements of some 
species. Tetraploid species are shown in boldface. (B) Hypothesized ori-
gins of polyploid species. All tetraploids are thought to be the result of 
hybridization between two species (allotetraploids):  Voshell et al. (2011) 
proposed that  P. minor received its paternal genome from  P. paradoxa ;  P. 
aquatica is thought to be the result of hybridization between two extinct 
diploid  Phalaris species ( Jakubowski et al., 2013 ).  P. arundinacea and  P. 
aquatica are thought to be quite closely related and possibly received one 
copy of their genomes from the same diploid ancestor (probably now ex-
tinct;  Jakubowski et al., 2013 ).  Voshell and Hilu (2014) proposed that  P. 
californica is the result of hybridization between  P. arundinacea and an 
unknown closely related grass species. 
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Seas). We also used three global soil data sets: a soil hydrological moisture in-
dex, with 0 representing extreme water stress and 1 representing no water stress 
(Soil Moist; 2.5 min. resolution;  Trabucco and Zomer, 2010 ); one representing 
N content in the topsoil (Soil N; 5 min. spatial resolution;  Batjes, 1997 ) and the 
other of potential soil P retention capacity (Phos; 5 min. spatial resolution; 
 Batjes, 2011 ). 
 Niche means, extremes, and breadths — For each of the 13  Phalaris spe-
cies, we extracted data for the aforementioned environmental variables within 
the R environment ( R Development Core Team, 2014 ) and removed all dupli-
cate occurrences. To depict the frequency of each species’ occurrences across 
the full gradient of each environmental variable, we used kernel density plots, 
which provide a standardized density (from 0 to 1) of species occurrences. 
 To test the hypothesis that polyploids occupy more extreme environments 
(hypothesis 1), we examined differences between species in their means and 
extremes (5th and 95th percentiles) of the sample of data corresponding to each 
species for each environmental variable. In the results, we focused only on ei-
ther the lower or upper extreme, depending on the environmental variable in 
question. This is because, arguably, only particular extreme types (lower or 
upper) will be biologically meaningful. For example, the lower extreme of T 
min indicates a species’ tolerance to extreme cold ( Humphreys and Linder, 
2013 ), but the upper extreme of this variable is probably not biologically mean-
ingful. To test the hypothesis that polyploids have wider niche breadth (hypoth-
esis 2), we used the geographic location of occurrences for each species to 
extract environmental variable values from the aforementioned spatial environ-
mental layers and calculated the standard deviation of these data (for each envi-
ronmental variable) as a measure of niche breadth. 
 We used two different approaches to statistically test the fi rst two hypoth-
eses. First, we used a bootstrapping approach, which helps to account for sam-
pling biases in the distribution data ( Ruxton and Neuhäuser, 2013 ). For this 
approach, we pooled data for two species and selected from this pooled data 
set two samples of equivalent size to the original sample sizes of each species 
and did this for each pairwise combination of all 13 species. (There are 78 
pairwise combinations in total. However, in the results, we focus on the 16 
pairwise combinations represented by species only within the four major lin-
eages. We focused on these four lineages as a means of accounting for phylo-
genetic niche conservatism [ Wiens et al., 2010 ], but results for all pairwise 
combinations are provided in online Appendices S7–S11.) From these sam-
ples, we calculated the measure of interest (i.e., the means, the 5th and 95th 
percentiles, or the standard deviations) for each species and calculated the dif-
ference,  Δ sim, j , between the two species, repeating this process 9999 times. 






P  , 
 where  Δ obs is the actual difference between the two species, and  I is an indica-
tor function that is either one when the argument in parentheses is true or zero 
when false ( Ruxton and Neuhäuser, 2013 ). The  P value calculated as above will 
approach the “true”  P value with increasing sample size, but will not be exactly 
repeatable because samples are selected at random ( Ruxton and Neuhäuser, 
2013 ). Confi dence intervals around a particular signifi cance level can be esti-
mated ( Gandy, 2009 ), which we did using a 5% signifi cance level and using the 
R package “simctest” ( Gandy, 2009 ). We do not report confi dence intervals for 
signifi cance, but take the conservative approach of only regarding results where 
the upper confi dence interval  ≤ 5%. 
 Our second approach to test for differences between polyploid and diploid 
species was to use linear models within the R environment ( R Development 
Core Team, 2014 ). We used the measure of interest as the response variable and 
ploidy level of species as a predictor variable. Although this approach does not 
account for statistical nonindependence of species due to shared evolutionary 
history, alternatives such as phylogenetic generalized least squares regression 
assume species are statistically independent replicates ( Stone et al., 2011 ). Al-
lopolyploid species may have experienced relatively recent hybridization and 
thus are perhaps still experiencing gene fl ow between diploid and tetraploid 
individuals. Therefore, allopolyploid species are not always statistically inde-
pendent of one another from a genetic perspective. Given this uncertainty, we have 
opted for linear models as the simplest approach for examining interspecifi c differ-
ences in niche measures. We also tested whether excluding  P. rotgesii and  P. arun-
dinacea affected these results, because of problems ascribing precise species 
identities for geographic records. 
found to be widespread within the grasses ( Edwards and Smith, 
2010 ). However, PNC justifi es the comparison of polyploids to 
congeneric diploids, even if the specifi c diploid progenitors of 
the polyploid species are not known. Moreover because of the 
diffi culty involved in matching diploid progenitors with the rel-
evant polyploids species, other studies have controlled for phy-
logenetic relatedness without explicitly identifying diploid 
progenitors (e.g.,  Martin and Husband, 2009 ). PNC also pro-
vides the rationale for hypothesis 3b, because we expect that 
closely related species should retain similar niches, but that 
polyploidization perhaps provides the opportunity for ecologi-
cal differentiation of polyploid species. Therefore, we might 
expect closely related diploid species to have more similar 
niches to one another than they do relative to their closely re-
lated polyploid species. 
 MATERIALS AND METHODS 
 Distribution data — The genus  Phalaris is thought to have a Mediterranean 
origin, with a number of species having a mostly Mediterranean distribution, 
but the New World  x = 7 is naturally restricted to the Americas ( Voshell et al., 
2011 ;  Voshell and Hilu, 2014 ; Appendix S2, see online Supplemental Data). 
We searched the literature and a number of online herbaria for distribution data 
(online Appendix S3) for all 19  Phalaris species and found at least 10 records 
for 14 species. Using data from a number of different sources helps to reduce 
sampling biases that may exist in any one database (e.g.,  Newbold, 2010 ). Dis-
tribution records not occurring on land (i.e., misspecifi cation of coordinates or 
lack of precision causing points to occur in large water bodies), fossil records 
and records with latitude or longitude assigned as zero were removed ( Yesson, 
et al., 2007 ). Records for which coordinates were determined using place names 
on labels (GBIF georeferencing protocol “map estimate”) were also removed. 
For each species, records were checked with respect to each of the environmen-
tal variables included in the analyses for outliers using box plots generated in 
the R statistical software ( R Development Core Team, 2014 ). Using this ap-
proach, outliers were identifi ed as records that were more than 1.5 times away 
from the fi rst and third quartiles as these were from the median, i.e., outlier  ≈ 
median  ± [abs(quartile − median)  × 1.5]. Outliers were then manually checked 
for possible georeferencing errors and corrected based on locality descriptions 
or deleted if this was not possible. 
 Two species, the diploid  P. rotgesii and hexaploid  P. caesia , are recognized 
by most grass taxonomists as subspecies of the tetraploid  P. arundinacea (e.g., 
 Clayton et al., 2002 onward) and are therefore usually recorded under this spe-
cies’ name.  Phalaris rotgesii is known to be endemic to the Mediterranean is-
lands of Corsica and Sardinia ( Baldini, 1995 ), and we found eight records on 
Corsica. However, we made the assumption that  P. rotgesii can occur anywhere 
on Corsica and Sardinia, except in environmental grid cells above 1700 m a.s.l. 
based on the distribution of this species described by  Baldini (1995) (Appendix 
S2 H). We excluded  P. caesia because  Baldini (1995) provides a much less 
circumscribed distribution for this species (France, Spain, Portugal, Turkey, 
Lebanon, eastern and southern Africa), and we only found two records for it. 
However, the remaining records for  P. arundinacea within the native range of 
 P. caesia could actually be the latter species. We tested whether the inclusion 
of  P. rotgesii and  P. arundinacea affected results at the whole-genus level, de-
tailed in the relevant sections. 
 Our focus was on the species’ native ranges, which were determined using 
information from a number of sources (online Appendix S4). However, sources 
were sometimes in disagreement about the native/alien status of a species, and 
we therefore categorized each region as either “status 1” (no confl ict among 
references), or “status 2” (native status given by any of the references, even if 
confl icted by another reference). We ran all the analyses, once with both status 
1 and 2 records, and once with only status 1 records; however, we found there 
was little difference between these results (online Appendices S5 and S6) and 
report only the fi rst set of analyses in the results. 
 Environmental data — We used three temperature- and two precipitation-
related variables with a spatial resolution of 2.5 min from WORLDCLIM 
( Hijmans et al., 2005 ): mean annual temperature (T mean), minimum tempera-
ture of the coldest month (T min), maximum temperature of the warmest month 
(T max), mean annual precipitation (Prec), and precipitation seasonality (Prec 
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species differences, we did fi nd signifi cant differences between 
diploid and polyploid species (Appendices S7–S11), but the 
majority of differences between diploids and tetraploids in 
niche extremes were signifi cant, and in a biologically meaning-
ful direction only for the temperature mean (T mean) (negative 
differences for lower extremes for 6/8 within-lineage compari-
sons and 21/36 entire-genus comparisons; Appendix S11 B), 
temperature minimum (T min) (negative difference for lower 
extremes for 17/36 entire-genus comparisons; Appendix S11 
B), precipitation mean (Prec) (positive differences for upper ex-
tremes for 5/8 within-lineage comparisons and 17/36 entire-
genus comparisons; Appendix S11 C), and the soil moisture 
index (Soil Moist) (positive differences for upper extremes for 
5/8 within-lineage pairwise species comparisons and 17/36 
entire-genus comparisons; Appendix S11 B). 
 For the Old World  x = 7 species, the two tetraploid species,  P. 
minor and  P. aquatica , were never found to occupy more extreme 
environments than either of their most closely related diploid spe-
cies,  P. paradoxa and  P. coerulescens ( Figs. 4–6 ; Appendices S7–
S9). However, relative to  P. coerulescens ,  P. minor occupies 
regions that are drier and have lower soil phosphorous (Phos) 
(negative differences for mean values and lower niche extremes 
for Prec, Soil Moist; Appendices S7, S8). Relative to the diploid 
 P. paradoxa ,  P. minor occupies regions that are colder, drier, and 
have lower Phos (negative difference for mean values and lower 
niche extremes of T mean, T min, and Phos;  Figs. 4, 5 ; Appendices 
S7, S8).  Phalaris aquatica occurs in regions that are wetter than 
the diploid  P. coerulescens (positive differences for means and up-
per extremes of Prec and Soil Moist;  Figs. 4, 6 ; Appendices S7, 
S9).  Phalaris aquatica occurs in regions that are colder and wetter 
than the diploid  P. paradoxa (negative differences for means and 
lower extremes of T mean and T min, and positive differences for 
means and upper extremes of Prec and Soil Moist;  Figs. 4, 5 ; Ap-
pendices S7, S9). 
 For the Arundinacea  x = 7 lineage, the tetraploid  P. arundinacea 
occupied wetter (higher means and upper extremes for Prec and 
Soil Moist;  Figs. 4, 6 ; Appendices S7, S9) and colder environ-
ments (negative differences for means and lower extremes of T 
mean and T min;  Figs. 4, 5 ; Appendices S7, S8) than the diploid  P. 
rotgesii . 
 Within the New World  x = 7, the tetraploid  P. californica does 
not occupy more extreme environments than any of the three dip-
loid species in this lineage for any of the environmental variables 
investigated, except perhaps for Phos (higher mean values for 
Phos;  Figs. 4–6 ; Appendices S7–S9). There is some evidence to 
suggest that it occupies wetter environments than  P. lemmonii 
(higher upper extremes and mean values for Prec and Soil Moist; 
 Figs. 4, 6 ; Appendices S7, S9), and perhaps  P. caroliniana (higher 
mean for Prec and Soil Moist;  Fig. 4 ; Appendix S7). 
 Do polyploids have wider niche breadths than diploids? — There 
was no consistent pattern of tetraploids occupying a wider range 
of environmental conditions than diploids, even after excluding 
the two Arundinacea  x = 7 species ( Fig. 3 ; Appendix S15), and 
there was little evidence to support this hypothesis based on the 
individual diploid–tetraploid species comparisons ( Fig. 7 ; Ap-
pendix S10, S11 D, see Supplemental Data). For within-lineage 
comparisons, the majority of diploid–tetraploid comparisons 
were both signifi cant and positive for Prec, Soil Moist and 
Phos, (Prec: 5/8, Soil Moist: 4/8; Phos: 5/8;  Fig. 6 ). For com-
parisons across the entire genus the same was true for T mean, 
T min, the percentage N in the topsoil (Soil N), and Phos 
 Niche overlap — We used Schoener’s  D ( Schoener, 1970 ), a measure of niche 
similarity, to test the hypotheses about ploidy level and niche overlap (hypotheses 
3a and 3b), using the methods of  Broennimann et al. (2012) . This required selecting 
a species’ background area to characterize the environmental conditions available 
for species to occupy, as well as a “global background”. We defi ned the boundaries 
of these two background areas on political boundaries, using the third level of the 
World Geographical Scheme for Recording Plant Distributions ( Biodiversity Infor-
mation Standards [TDWG], 2007 ), because most sampling of herbarium specimens 
is recorded at a national level and defi ning the background area in such a manner 
better refl ects sampling bias at a global scale. However, results using the terrestrial 
realms defi ned by  Olson et al. (2001 ; Appendix S2) to defi ne the background extent 
were comparable (Appendix S12). As species’ background areas, we used the na-
tive continent, being either Eurasia or the Americas, with all TDWG regions in 
Eurasia in which there was an occurrence of any  Phalaris species being combined 
to form the Eurasian background, and the same for the Americas. The global back-
ground area was defi ned as either both continents combined, in cases where one 
species was from Eurasia and the other from the Americas, or as the continent from 
which both species came. 
 Values for each environmental variable described above (except aggregated to 
0.5 ° resolution) representing the available climate space were then extracted from 
the global background area and binned into 100 equal-sized intervals across the full 
gradient of each environmental variable. The occurrence values were binned into 
the same intervals, and both the background and occurrence interval data were 
converted to densities. Both densities were then smoothed and the occurrence den-
sities corrected for the availability of environmental variable intervals using the 
smoothed background densities. Niche overlap ( D ) was calculated by summing the 
differences between two species in their occupancies of each environmental vari-
able interval ( Broennimann et al., 2012 ). 
 Statistical signifi cance of  D values was determined using both niche equiva-
lency and niche similarity tests ( Warren et al., 2008 ;  Broennimann et al., 2012 ). The 
niche equivalency test requires pooling all the data for both species, randomly split-
ting these data into two data sets of the same sizes as the original two data sets, and 
thereafter calculating  D . This process was repeated 100 times, and the null hypoth-
esis of the two species’ niches being equivalent was only rejected if the  D statistic 
calculated using the true occurrences for each species did not fall within the 95th 
percentile of the simulated  D values ( Broennimann et al., 2012 ). The niche equiva-
lency test is relatively conservative because it is unlikely for different species to 
have statistically equivalent niches ( Glennon et al., 2014 ). Therefore, we also used 
the niche similarity test, which tells us whether two species’ niches are distinguish-
able from one another given the variability of the environment within which the 
species are found. This is actually two tests, with the fi rst starting with a random 
selection of points from the species’ background areas equivalent to the number of 
occurrences as the second species in the pairwise comparison, thereby generating a 
random niche, and then using the observed niche values for the fi rst species to cal-
culate  D , repeating this 100 times. If the observed  D value of the fi rst species was 
less than 95% of the simulated  D values, then there was evidence of niche differen-
tiation between the two species. The second test is the same as above, but instead 
using the observed occurrences of the second species to calculate  D ( Broennimann 
et al., 2012 ). We focused on the 16 within-lineage pairwise species combinations in 
the results, but results for the entire genus are provided in Appendices S13 and S14 
(see Supplemental Data). 
 To test whether  D was signifi cantly different for diploid–diploid species com-
parisons in relation to diploid–tetraploid species comparisons (hypothesis 3b), we 
used linear mixed-effect models (i.e., ploidy comparison was used as a fi xed factor, 
and only within-lineage comparisons were included in the model), while control-
ling for shared evolutionary history by including the lineage comparison (e.g.,  x = 6 
vs. Arundinacea  x = 7) as a random factor in the models. As for the niche means, 
extremes and breadth linear models, we also tested whether excluding  P. rotgesii 
and  P. arundinacea affected these results. Models were implemented in the R envi-
ronment ( R Development Core Team, 2014 ) using the package “nlme” ( Pinheiro 
et al., 2014 ). 
 RESULTS 
 Do polyploids occupy more extreme environments than 
diploids? — There was no consistent pattern of polyploids occupy-
ing more extreme environments than their most closely related 
diploid species at the whole-genus level, as determined using a 
linear model, and even after excluding the two Arundinacea 
 x = 7 species ( Figs. 2, 3 ; online Appendix S15). For pairwise 
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 For the Arundinacea  x = 7, the tetraploid  P. arundinacea 
had a signifi cantly broader niche than the diploid  P. rotgesii 
for T mean, T min, T max, Prec, and Prec Seas, but a signifi -
cantly narrower niche for Soil Moist, Soil N, and Phos ( Fig. 7 ; 
Appendix S10). Interestingly,  P. arundinacea did not have 
broader niches for four of the eight environmental variables 
than the two diploid Old World  x = 7 species,  P. paradoxa 
and  P. coerulescens (Appendix S10), which are likely to be 
closely related to the one diploid progenitor of  P. arundina-
cea ( Fig. 1B ). 
 For the New World  x = 7, the tetraploid  P. californica never 
had signifi cantly broader niches than any of the three diploid 
species in this lineage ( Fig. 7 ; Appendix S10). Relative to  P. 
lemmonii , it had signifi cantly broader niches for Prec and 
Phos and for Phos relative to  P. caroliniana . However, it had 
a signifi cantly narrower niche for six environmental variables 
in relation to  P. angusta , fi ve variables in relation to  P. caro-
liniana , and three variables in relation to  P. lemmonii ( Fig. 7 ; 
Appendix S11 D). 
(T mean: 14/36; T min: 17/36; Soil N: 14/36; Phos: 15/36; Ap-
pendix S11 D). 
 In the Old World  x = 7, only for Soil Moist did both of the 
tetraploid species,  P. minor and  P. aquatica have signifi cantly 
broader niches than their two most closely related diploid spe-
cies,  P. coerulescens and  P. paradoxa ( Figs. 2, 7 ; Appendix 
S10).  Phalaris minor had a signifi cantly broader niche for T 
mean, the temperature maximum (T max) and Soil Moist rela-
tive to both diploid species in this lineage, for Prec relative to  P. 
coerulescens , and for T min and Phos relative to  P. paradoxa 
( Fig. 7 ; Appendix S10). However,  P. minor had a signifi cantly 
narrower niche relative to the diploid  P. paradoxa for Soil N 
( Fig. 7 ; Appendix S10).  Phalaris aquatica had a broader niche 
relative to both diploid species for Prec, Soil Moist, and Phos, 
and for T min and T max relative to  P. paradoxa ( Fig. 7 ; Ap-
pendix S10). However,  P. aquatica had a narrower niche rela-
tive to  P. coerulescens for T mean, T max, and precipitation 
seasonality (Prec Seas) and relative to  P. paradoxa for Prec 
Seas ( Fig. 7 ; Appendix S10). 
 Fig. 2. Visual summary of environmental niches of all the  Phalaris species analyzed, with species grouped into the four major lineages ( x = 6, New 
World  x = 7; Arundinacea  x = 7 and Old World  x = 7). For each environmental variable, we show the distribution of occurrences across the full environ-
mental gradient (on the  x -axis) as a kernel-density plot, represented by the colored lines (density of occurrences is scaled from zero to a maximum of one). 
In the top-left corner of each sub-image are bar plots representing niche breadths, which are the standard deviation of each environmental variable for each 
species. Error bars are 95% confi dence intervals. Diploid species are shown in green to blue colors; polyploids are in yellow to red colors. Abbreviations 
for environmental variables are as follows: T mean = mean annual temperature, T min = minimum temperature of the coldest month, T max = maximum 
temperature of the warmest month, Prec = mean annual precipitation, Prec Seas = coeffi cient of variation of annual precipitation, Soil Moist = soil moisture 
index, Soil N = % N in the topsoil, Phos = potential soil P retention capacity). 
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pattern, with these hypotheses only having support for some 
pairwise species comparisons and only for a few environ-
mental variables. Other cytobiogeographical studies have also 
failed to fi nd evidence that polyploid species occupy more ex-
treme environments ( Tyler et al., 1978 ;  Stutz and Sanderson, 
1983 ;  Gauthier et al., 1998 ;  Hardy et al., 2000 ;  Schönswetter 
et al., 2007 ;  Martin and Husband, 2009 ;  Laport et al., 2012 ; 
 Glennon et al., 2014 ). Moreover, experimental approaches 
have failed to reveal polyploid species occupying wider niches 
( Stebbins and Dawe, 1987 ;  Petit and Thompson, 1999 ;  Martin 
and Husband, 2009 ;  Glennon et al., 2012 ;  Theodoridis et al., 
2013 ;  Harbert et al., 2014 ) or distinct niches from their lower-
ploidy progenitors ( Št ěp ánkov á, 2001 ;  Baack and Stanton, 
2005 ;  Mand ákov á and Münzbergov á, 2006 ;  Glennon et al., 
2012 ,  2014 ;  Godsoe et al., 2013 ). These studies, in addition to 
our fi ndings, suggest that these hypotheses are not universally 
upheld, therefore suggesting that more mechanistic studies 
will be required to understand how WGD infl uences ecologi-
cal niches. For  Phalaris , effects of polyploidization at a mo-
lecular and nuclear level have not been investigated and would 
be a fi rst step in determining how genetic changes scale up to 
physiological processes and ultimately biogeographic distri-
bution patterns. 
 Some cellular changes, such as an increase in overall cell 
size, may be an inevitable consequence of polyploidization 
( Speckmann et al., 1965 ;  Stebbins, 1971 ;  Masterson, 1994 ; 
 Hodgson et al., 2010 ). Increased cell size results in direct 
physiological changes, such as a decrease in stomatal density 
( Li et al., 1996 ;  Maherali et al., 2009 ), which can affect the 
water budget of plants and underpins the hypothesis that poly-
ploids occupy drier environments than their diploid progeni-
tors ( te Beest et al., 2012 ). Currently, we do not know the 
relationship between cell size and ploidy level in  Phalaris . 
However, if  Phalaris follows the predicted trend of larger cell 
size for larger ploidy levels, the results provided here do not 
indicate that polyploids occupy drier environments than dip-
loids. Rather, it appears that for  Phalaris , the Mediterranean 
origin of the species suggests that the diploid species occupy 
drier conditions than the polyploid species. Thus, the evolu-
tionary origin of the species may be more signifi cant than the 
general patterns related to cell size. In the case of  Phalaris , it 
appears that polyploidization has allowed species to become 
more competitive in moister habitats (e.g.,  P. arundinacea ,  P. 
aquatica , and  P. californica ;  Baldini, 1995 ;  Barkworth et al., 
2007 ) and that  Phalaris tetraploids occupy wetter environ-
ments than diploids ( Figs. 3 and 5 ; Appendix S11A and C). 
However, we did not fi nd general support for this hypothesis 
across all species ( Fig. 3 ), and in fact, the pattern may be an 
artifact of  P. arundinacea occupying much wetter environ-
ments than  P. rotgesii , than any tetraploids vs. diploids in any 
of the other lineages (Appendices S9 and S15). 
 The origin of the parental diploids may infl uence the rela-
tionship between polyploidization and the hypothesized eco-
logical responses. Autopolyploids are expected to have fewer 
genetic novelties than allopolyploids and, therefore, possibly 
lower heterozygosity, phenotypic plasticity, and niche fl exi-
bility ( Parisod et al., 2010 ). In our study, all polyploid species 
are thought to be allopolyploids ( Voshell et al., 2011 ; 
 Jakubowski et al., 2013 ;  Voshell and Hilu, 2014 ;  Fig. 1B ), 
although, all progenitors of  Phalaris polyploids have not been 
identifi ed ( Fig. 1B ). Allopolyploids may exhibit expression 
level dominance (one of either the paternal or maternal genes 
can determine overall gene expression), or homeolog expression 
 Do polyploids occupy different environmental niches than 
their diploid congenors? — We found that tetraploid species 
did not have equivalent niches to diploid species (signifi cant 
differences in  D values between species as measured using the 
niche equivalency test) for most pairwise comparisons for all en-
vironmental variables, but this was similar for diploid–diploid 
species comparisons ( Fig. 8 ; Appendix S14). Similarly, for the 
niche similarity test, the majority of diploid–tetraploid com-
parisons were not signifi cantly similar, except for Phos, and to 
a lesser degree, Soil N, but the pattern was the same for diploid-
diploid comparisons ( Fig. 8 ; Appendices S13, S14). 
 Do polyploids have signifi cantly less niche overlap with 
their diploid congenors than their diploid congenors have 
with one another? — We found that diploid–diploid compari-
sons did not have lower niche overlap than diploid–tetraploid 
comparisons, except for T mean ( Table 1 ) , and even after ex-
cluding the two Arundinacea  x = 7 species ( Table 1 ), providing 
little support for this hypothesis. 
 DISCUSSION 
 Overall, we found little evidence to support the hypothesis 
that polyploidization creates species that have greater niche 
breadth, and/or different niches or can occupy more extreme envi-
ronments than the diploid speicies. Given the well-documented 
genomic and physiological changes that take place during poly-
ploidization, it is surprising that these known differences do 
not result in clear ecological differentiation between diploid 
and polyploid species. Rather, we found a much more nuanced 
 Fig. 3. Visual representation of linear model results with each niche 
measure (mean, lower extreme, upper extreme, and breadth) as response 
variable and ploidy level as a predictor (full results: Appendix S15). Bars 
represent slope coeffi cients from the models standardized by the maximum 
absolute value of each environmental variable to vary between −1 and 1. 
Signifi cant results at the 5% level are indicated by an asterisk (*). See 
Fig. 2 for variable name abbreviations. 
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( Fig. 1B ).  Phalaris minor exhibited signifi cant change in 
niche means and extremes and overlapped less in environ-
mental niche space with  P. paradoxa , than with its other dip-
loid congenor,  P. coerulescens ( Figs. 2–5 ; Appendices S7–S9 
and S13). These signifi cant differences in niches between 
 P. minor and  P. paradoxa , but not between  P. minor and 
bias (preferential expression of one of either the paternal or 
maternal genes) ( Madlung and Wendel, 2013 ), which can re-
sult in genes from one of the parental species being preferen-
tially expressed. This can allow them to live in habitats that 
are unsuitable for their parental progenitors. In our study ge-
nus,  P. minor is hypothesized to originate from  P. paradoxa 
 Fig. 4. Pairwise species differences in their means of all the environmental variables analyzed. Only pairwise comparisons for species within each of 
the four major lineages are shown, but the results for all species are provided as supplementary material (Appendix S7). Bars represent standardized (−1 to 
1; values divided by the maximum absolute value of each variable) differences between species in their means. Green to blue represent pairwise compari-
sons between two diploid species. Yellow to red bars represent pairwise comparisons between tetraploid and diploid species. There was only one tetraploid–
tetraploid comparison ( P. minor and  P. aquatica ), which is represented by a dark red bar. Bootstrapped signifi cance at a 5% level is indicated by an asterisk 
(*). See  Fig. 2 for variable name abbreviations. 
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diploids will respond similarly to novel environments. Yet, 
there is little experimental evidence to suggest that polyploids 
enjoy a fi tness advantage in novel environments relative to dip-
loids ( Madlung, 2013 ), although the strong association between 
polyploidy and invasiveness, and diploidy and rarity, for 
example, suggest there is a real fi tness advantage to polyploidy 
( Pandit et al., 2011 ). 
 Studies such as ours that compare diploid and polyploid spe-
cies that diverged a long time ago (in evolutionary terms) have 
been criticized because one cannot disentangle the effects of 
 P. coerulescens do not support preferential expression of  P. 
paradoxa genes in  P. minor , but suggest that  P. minor occurs 
in different habitats to  P. paradoxa . 
 One assumption of our hypotheses is that polyploidization 
will have a greater infl uence on ecological factors than phylo-
genetic niche conservatism ( Martin and Husband, 2009 ). The 
grass family as a whole exhibits signifi cant phylogenetic con-
servatism with respect to both temperature and precipitation 
niches ( Edwards and Smith, 2010 ). Moreover, if phylogenetic 
niche conservatism is important, then novel polyploids and 
 Fig. 5. Pairwise species differences in their lower extremes (5th percentile) of all the environmental variables analyzed. See  Fig. 2 for variable names, 
 Fig. 4 for fi gure interpretation. Results for all species are provided as supplemental data (Appendix S8). 
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(at least for the species whose ancestry is well known) and com-
pared to the natural polyploids. 
 In addition, cytobiogeographical studies may be unable to 
identify the complete fundamental niche of species ( Pearson 
and Dawson, 2003 ) because species may be physically pre-
vented from access to regions that are climatically suitable for 
them by natural barriers (such as by intercontinental oceans as 
for our study;  Pearson and Dawson, 2003 ). Sampling issues 
such as poor spatial resolution for important environmental 
polyploidization from “normal” genetic changes that might 
have occurred subsequent to polyploidization ( Ramsey, 2011 ). 
However, these types of studies will generally “overestimate 
the phenotypic and ecological consequences of genome dupli-
cation” ( Ramsey, 2011 ); yet our study found few differences 
between diploids and polyploids and thus further genetic dif-
ferentiation postpolyploidization cannot explain our results. 
Ideally, correlative studies such as ours should be confi rmed 
with experiments in which synthetic polyploids are generated 
 Fig. 6. Pairwise species differences in their upper extremes (95th percentile) for all the environmental variables analyzed. See  Fig. 2 for variable 
names,  Fig. 4 for fi gure interpretation. Results for all species are provided as supplemental data (Appendix S9). 
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diploid–tetraploid comparisons were only signifi cant for mean 
temperature ( Table 1 ). Thus, experimental manipulations of 
temperature in a greenhouse study may allow us to understand 
how genome duplication affects species characteristics affect-
ing niche width. 
 Our results indicate overwhelmingly that our original predic-
tions about the role of polyploidization and ecological niches 
were naïve. Rather, our results point out that the specifi cs of the 
polyploidization event, such as origin of the genera, parental 
origin, as well as unknown genetic factors and environmental 
data ( Austin and Van Niel, 2011 ) and/or sampling biases may 
led to erroneous inferences about species’ environmental 
niches ( Newbold, 2010 ). In our study, we controlled for sam-
pling bias by bootstrap sampling of species’ occurrences 
( Ruxton and Neuhäuser, 2013 ). Notwithstanding these issues, 
cytobiogeographical studies provide a useful fi rst approach 
to investigating climatic factors that might then be tested 
experimentally through common gardens and reciprocal trans-
plant studies ( Manzaneda et al., 2012 ). For  Phalaris , we found 
that differences in niche overlap between diploid–diploid vs. 
 Fig. 7. Pairwise species differences in their breadths (standard deviations) for all the environmental variables analyzed. See  Fig. 2 for variable names, 
 Fig. 4 for fi gure interpretation. Results for all species are provided as supplemental data (Appendix S10). 
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transplant studies for a well-studied phylogenetically controlled 
group of species in which there are multiple pairs of diploid–
polyploid pairs. While the above program would be ambi-
tious, the lack of generality found through cytobiogeographical 
approaches begs for more challenging experimental approaches 
to be applied ( Madlung, 2013 ). Alternatively, neutral processes 
that can account for the observed lack of generality in the effects 
factors infl uence individual species responses and niche widths. 
If we are to understand the role that WGD plays in the evolution 
and distribution of plant species, the way forward will require 
marrying the cytobiogeographical approach, with functional 
genomic approaches that document gene expression patterns 
under different controlled ecological conditions along with ex-
perimental approaches such as common gardens and reciprocal 
 Fig. 8. Pairwise species niche overlap values ( D ) for a number of different environmental variables. Only pairwise comparisons for species within each 
of the four major lineages are shown, but the remaining results and counts of signifi cant results are provided as supplemental data (Appendices S13 and 
S14). Bars represent  D values with 0 representing no overlap between species and 1 representing complete overlap. Species pairs that had equivalent niches 
(signifi cant niche equivalency tests) are indicated with an “e” above the relevant bar. Species pairs in which the fi rst species had a signifi cantly similar niche 
to the second species (as measured using the niche similarity test) are indicated with an “s1” above the relevant bar, and those where the second species had 
a signifi cantly similar niche to the fi rst species are indicated with an “s2”. Variable names as for  Fig. 2 , colors as for  Fig. 4 . 
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 TABLE 1. Linear mixed-effects model results in which niche overlap 
values for a number of different environmental variables (response 
variable) were predicted by ploidy comparison (i.e., diploid–diploid 
or diploid–tetraploid), while controlling for evolutionary history to 
a degree by including lineage comparison (e.g.,  x = 6 vs.  x = 6) as 
a random factor. Results are shown for models with all species and 
for models excluding the Arundinacea  x = 7 ( Phalaris rotgesii and  P. 
arundinacea ). See  Fig. 2 for variable names. 
All species No Arundinacea  x = 7
Variable Slope  t  P Slope  t  P 
T mean − 0.16 − 4.51  0.00  –0.10 − 2.68  0.01 
T min −0.04 −1.34 0.19 0.01 0.24 0.81
T max −0.08 −2.52 0.01 −0.06 −1.24 0.22
Prec 0.01 0.19 0.85 0.02 0.43 0.67
Prec Seas −0.08 −1.64 0.11 −0.10 −1.75 0.09
Soil Moist −0.02 −0.51 0.61 0.01 0.49 0.62
Soil N 0.01 0.27 0.79 0.07 1.46 0.15
Phos 0.04 1.27 0.21 −0.05 −0.81 0.42
 Notes: The slope represents the differences between diploid–diploid and 
diploid–tetraploid pairs (i.e., a lower value indicates less niche overlap 
between diploid–tetraploid pairs than diploid–diploid pairs). Also shown 
are associated  P values ( P  ≤ 0.05 in bold).
of polyploidization on species’ niches need to be further inves-
tigated ( Meyers and Levin, 2006 ). 
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